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For information regarding this article, E-mail: crow.sheri@mayo.edu Epidemiology of Pediatric Critical Illness in a Population-Based Birth Cohort in Olmsted County, MN have suggested that "Maximizing long-term (health-related) quality of life may represent the most important goal of medicine in general and of intensive care in particular" (3) . With few exceptions, research to date has focused almost exclusively on critical illness within referral centers that may select for the most complex cases drawn from a widespread geographical area. As a result, our understanding of the risk factors associated with the development, incidence, and outcome of critical illness within a general population of children remains limited (1) . This knowledge gap hinders our ability to develop and test strategies to prevent severe illness, minimize its negative consequences, and estimate healthcare resource requirements within a broad population (4) . Addressing these challenges will require accurate and representative data with sufficient detail to characterize each child's baseline (prehospital) health status, ICU clinical course, and health outcomes well beyond hospital discharge (1, 5) . Unfortunately, until recently population-based cohorts amenable to this kind of longitudinal epidemiologic investigation had yet to be developed in the United States (6) .
As an initial step to address this gap, we constructed a population-based birth cohort of every child born during a 5-year period (2003) (2004) (2005) (2006) (2007) ) within a geographically defined area (Olmsted County, MN). By identifying each child at birth, we are able to use epidemiologic methods to conduct a longitudinal investigation of pediatric critical illness as it develops within this population (7) . The medical records for these children and their families are linked across all the health systems accessed by this population. This detailed information permits characterization of the prenatal/birth history, baseline health status, disease development, and healthcare resource utilization across the lifespan of every child within the cohort. In addition, this population-based approach can support evaluation of risk factors and outcomes for children with and without ICU exposure (8) . Our objective was to provide the first report of the incidence and presentation of pediatric critical illness within a general population of U.S. children as a prerequisite step for longitudinal investigation of the impact of critical illness on child health and development over time.
MATERIALS AND METHODS
Using the resources of the Rochester Epidemiology Project (9), we studied a population-based birth cohort of children born to mothers residing in Olmsted County, MN during 5 years (January 1, 2003-December 31, 2007). We identified all ICU hospitalizations for this birth cohort during up to 11 years of follow-up (to December 31, 2013) . The Mayo Clinic institutional review board approved this study.
Study Setting
Olmsted County, MN occupies 653 square miles in southeastern Minnesota. With a population of 144,248 in 2010 (10), it is classified as a small metro county by the National Center for Health Statistics (11) . In 2007, of the 16,330 children enrolled within the Olmsted County public school system, 27% were nonwhite (11% black, 7% Hispanic, and 9% Asian), and, like the U.S. population, the county population continues to become more racially and ethnically diverse with time (12). The county is 86 miles from the next-closest tertiary care pediatric center (Minneapolis, MN), and 98% of medical care received by county residents is delivered by the Mayo Clinic, Olmsted Medical Center, and its affiliated hospitals (13) . All children with critical illness are cared for at a single hospital, within one of three ICUs (neonatal ICU [NICU], cardiac ICU, and PICU), and managed by specialists in neonatal and pediatric critical care medicine. The hospital is a level 1 pediatric trauma center and provides the full complement of pediatric tertiary care services which includes congenital cardiac surgery, extracorporeal membrane oxygenation (ECMO), pediatric transport (ground, air, and ECMO transport), and solid organ and bone marrow transplantation.
Identifying the 2003-2007 Population-Based Birth Cohort
Using the Rochester Epidemiology Project database, we studied children born to mothers who were residents of Olmsted County at the time of the child's birth (n = 10,899 from January 1, 2003, to December 31, 2007) . Children were excluded if their parents denied research authorization for the use of the child's medical records (n = 1,458; 13.4% of the eligible birth cohort), leaving 9,441 newborns in the studied birth cohort. The Rochester Epidemiology Project is a unique research infrastructure which links and archives the medical records of nearly all persons residing in Olmsted County, MN (9) . A continuously updated census generates residency timelines for each individual that includes the dates of migration into, or out of, Olmsted County, MN. These timelines were used to establish the denominators for the incidence rate calculations. For example, for the age category from 1.0 to less than 2.0 years, we calculated the total person-years that cohort members resided in Olmsted County between that age range. If a given cohort member resided in Olmsted County on their first birthday, but moved out of Olmsted County at the age of 1.5, they would have contributed 0.5 person-years to this denominator. This approach for calculating incidence rate estimates accounts for migration into and out of the birth cohort.
Data Abstraction and Management
All ICU admissions to the Mayo Eugenia Litta Children's Hospital within this birth cohort from January 1, 2003, through December 31, 2013, were reviewed. Inpatient and outpatient medical records were manually reviewed to identify baseline demographics, pre-ICU health status, chronic comorbidities, preadmission referral source, admitting diagnosis, ICU clinical data, and vital status. Reviews were performed by three research assistants and directly supervised by a board-certified pediatric critical care specialist to ensure accuracy and consistency in abstraction procedures. Multiple ICU admissions during the same hospital stay were considered part of the same critical care episode and counted only once. A primary admitting diagnosis was identified for each critical care episode and categorized within organ systems. Within each organ system, diagnoses were categorized as operative or nonoperative. A diagnosis was considered operative only if the patient was admitted to the ICU directly from the operating room Pediatric Critical Care Medicine www.pccmjournal.org e139 (e.g., following spinal fusion). Children admitted with a medical diagnosis who required an operation later during their ICU course were classified as nonoperative admissions (e.g., traumatic brain injury with external ventricular drain placement on ICU day 2). Two additional categories were included to characterize the indication for admission. Admissions related to premature birth (< 37 wk gestational age) were assigned a primary admission diagnosis of prematurity. Admissions following a traumatic injury were classified as trauma; regardless of the organ system involved (e.g., traumatic brain injury was classified as trauma rather than neurologic) to support future investigations into trauma-related epidemiology and outcomes within this cohort. Chronic comorbidities predating ICU admission were identified from outpatient and inpatient clinical notes and grouped into the categories of the pediatric complex chronic conditions (14) . The Pediatric Risk of Mortality (PRISM) III score and Pediatric Logistic Organ Dysfunction (PELOD) score were calculated to characterize severity and course of illness. Dates of death and last follow-up were obtained using Rochester Epidemiology Project resources (9) .
Statistical Analysis
We calculated the incidences of 1) first lifetime admission to the ICU and 2) total ICU admissions during the study period. The denominator was the cumulative age-group specific personyears of residency in Olmsted County from January 1, 2003, to December 31, 2013, for the birth cohort. This approach takes into account the varying ages at last follow-up and the fact that some cohort members moved out of Olmsted County during the follow-up period. We calculated ses and 95% CI for the incidence rates based on the Poisson error distribution. We categorized age at ICU admission as 0-4 days, 5-29 days, 30 days to less than 1 year, 1-3 years, and 4-10 years (no cohort member had reached their 11th birthday by the end of the study period). After determining the "all cause" incidence of critical illness, children with a primary admission diagnosis of prematurity were excluded from the remaining analyses.
Unless otherwise noted, results are presented as median (interquartile range) for continuous variables and frequency (%) for categorical variables. We compared categorical variables using the chi-square or Fisher exact tests and continuous variables using the Kruskal-Wallis test. Survival at 3 and 5 years following the first ICU admission was estimated for hospital survivors using the Kaplan-Meier method. In all cases, twotailed p values are reported with p values of less than or equal to 0.05 used to denote statistical significance unless otherwise noted.
RESULTS
Population-Based Incidence of "All Cause" Critical Illness (Includes ICU Admissions for Prematurity) During the study period, there were a total of 15,277 ICU admissions to Mayo Eugenia Litta Children's Hospital. A total of 577 birth cohort children accounted for 824 of these admissions during the 61,770 person-years of follow-up accumulated during the study period. Incidence was highest during the first month of life and declined with age ( Fig. 1) . Neonates 0-4 days of age (n = 343, of which 196 were admitted to the NICU for prematurity) had the highest ICU admission rate, at 2,649 per 1,000 person-years (95% CI, 2,382-2,947). ICU admission rates for the 5-29 days old dropped precipitously but remained much higher than children in the older age-groups. Of the 824 total ICU birth cohort admissions, 490 children had a single ICU admission, 48 had two admissions, 22 had 3-4 admissions, nine had 5-9 admissions, and eight had 10 or more ICU admissions.
ICU Admissions Excluding Premature Newborns
The incidence of ICU admission was highest during the first year of life and declined thereafter. The demographics and admission characteristics for the first ICU hospitalization of the 381 birth cohort children born at term or later are summarized in Table 1 . The majority of patients were male in all age-groups. Operative admissions accounted for 30% of the first time admits. Respiratory-related diagnoses were among the top three reasons for ICU admission across all age ranges. Admissions for gastrointestinal disease were the most frequent in children less than 30 days old. Admission rates for trauma were low until age four when trauma became the leading indication for ICU admission (27%). The proportion of children presenting to the ICU with chronic medical conditions increased substantially after the first month of life to nearly two thirds by 1 year old.
Details of the ICU course, resource use, and mortality are outlined in Table 2 . The 0-4 day old group had the greatest severity of illness based on a number of factors. They had the highest use of noninvasive (n = 26; 18%; p = 0.001) and invasive (n = 55; 37%; p < 0.001) mechanical ventilation and vasopressor support (n = 26; 18%; p = 0.002). PRISM III (p < 0.001) and PELOD (p < 0.001) scores were highest in this age-group, as were rates of respiratory failure, shock, and acute kidney injury (p < 0.001). ICU and hospital length of stay were also significantly longer (p < 0.001). In-hospital mortality, after excluding infants admitted for prematurity, was low. All deaths occurred among those admitted prior to 5 days of age (n = 4). In patients discharged alive from the hospital, the Kaplan-Meier estimate (95% CI) for mortality at 1 and 5 years following hospital discharge was 1.4% (0.2-2.6%) and 2.0% (0.5-3.5%), respectively (Fig. 2) . Characteristics of the seven children who died after hospital discharge are summarized in Table 3 .
DISCUSSION
This is the first report characterizing the incidence, clinical course, and mortality rate for all-cause pediatric critical care hospitalization within a U.S. population-based birth cohort. We found that critical illness is a rare event after the neonatal period within a general, nonurban population of children. ICU admission rates are highest within the first month of life and then decline steadily. Children admitted within 4 days of birth have the greatest severity of illness, ICU resource use, and mortality even after excluding those admitted for prematurity. Respiratory problems are among the most common reasons for admission at any age, and shock is rare. The indication for ICU admission changes as the population ages and reflects the shifting risk profiles associated with pediatric health and development over time. After 1 year old, most children requiring ICU care have preexisting chronic comorbidities and/or prior ICU stays.
Our study is the first to our knowledge to characterize pediatric critical illness within a geographically defined population so that every ICU admission is captured and incidence can be quantified. This work leverages the unique and comprehensive data resources of the Rochester Epidemiology Project to access medical records linked across all the health systems accessed by this population. Abstracting data directly from the patient medical record addresses many of the limitations associated with the administrative datasets typically employed for this type of epidemiologic investigation. These code-based datasets are prone to coding bias, temporal changes in coding practices, and often contain insufficient clinical detail to rigorously evaluate potential confounding variables (13, 15) . In contrast, the medical records were manually reviewed for each subject in our cohort to identify baseline demographics, pre-ICU health status, and characteristics of the hospital course.
ICU mortality in our population was low (3%) and isolated to admissions during the first 4 days of life. This observation fell within the lower range of PICU mortality rates (1.9-6%) reported in the literature (16) (17) (18) . This likely reflects the population-based nature of our cohort (vs studies based exclusively on ICU inpatient admissions that include referral patients). For most tertiary center PICU populations, referral patients include those children transferred in from smaller PICUs in outside health systems when disease severity exceeds the local resources. In 13,017 emergent PICU admissions across Characteristics are compared across age-groups using Fisher exact tests for categorical variables and the Kruskal-Wallis test for continuous variables.
20 PICUs, patients transferred from outside healthcare systems had greater severity of illness and required more ICUrelated resources compared with emergent admissions from within the institution (19) . Adult studies consistently observe longer ICU stays, duration of mechanical ventilation, higher ICU resource utilization, and greater mortality risk in referral patients compared with admissions from the community or interhospital system (14, 20, 21) . This "referral bias" leads to overrepresentation of severe disease within an inpatient study population and hinders evaluation of prevention and early recognition strategies relevant to milder disease. Indeed, recent evidence demonstrates that all types of PICU patients are at risk for acquired morbidity, not just those with the greatest severity of illness (18) . The population-based setting and single PICU system accessed by our birth cohort permits capturing the full spectrum of illness severity as it develops within the community and leads to the initiation of critical care services. A growing body of evidence suggests that children with chronic illness represent a distinct group within the PICU population (22) . More than two thirds of children admitted after 1 year old in our cohort had preexisting chronic health conditions (Fig. 3) . Chronic illness was present for 52.1% of PICU admits according to the VPS database (16) , and approximately 60% within the Kids Inpatient Database and Pediatric Health Information System administrative databases (23) . Chronic comorbidity is associated with higher healthcare resource requirements and increased risk for new morbidity and mortality during a critical illness event (2, (24) (25) (26) . Little is known regarding the specific challenges and risk factors surrounding critical illness that predict poor outcome within this chronically ill subset. Longitudinal follow-up of our birth cohort will provide unique opportunities to evaluate risk factors and explore strategies to mitigate the negative consequences of critical illness on the health and development of these children. With few exceptions, research to date has focused on disease within PICU populations where accessible data elements are often restricted to the hospital course. Reducing critical illness morbidity requires documenting preillness health status and postdischarge outcomes in addition to describing features of the ICU course (3, 27) . Longitudinal follow-up of our birth cohort provides access to data generated at or before birth and continues indefinitely as the child grows to adulthood. Historically, knowledge gained from birth cohort investigations has identified health disparities (e.g., higher infant mortality in low-income families), characterized changes in population demographics (e.g., maternal age at childbirth), and linked environmental exposures to disease development (e.g., smoking and lung cancer, maternal smoking and infant mortality) (28) . Observational population-based studies have been used to identify risk factors for disease, develop risk-prediction algorithms, and discover significant biologic/environmental interactions (29, 30) . These studies rely on existing data generated through "real-life" medical encounters that represent delivery of care within routine practice. This approach has been used to evaluate 1) toxicity and efficacy of therapeutic interventions (e.g., vaccines, thalidomide), 2) rare exposures, 3) policy changes (e.g., seatbelts and motor vehicle accident mortality), and 4) changing burden of disease (e.g., back to sleep campaign and sudden infant death syndrome) (30) (31) (32) .
Observing the implications of PICU admission within a population-based birth cohort provides an opportunity to simultaneously evaluate multiple effects from this single exposure (33) . Physical health, emotional and behavioral disturbances, and the financial burden of a PICU admission can be longitudinally examined and contrasted between children/families with and without a critical illness event (32) . Data generated can estimate sample size and patient recruitment timelines to inform randomized clinical trial (RCT) design (30, 32) . Birth cohort children are now 9-13 years old and follow-up data are immediately available to investigate significant associations between critical illness and morbidity to guide prospective studies in selecting high-yield assessments to optimize the impact of these resource intense initiatives (33) . Finally, this population provides a platform for investigating hypotheses not readily amenable to RCT design (e.g., children requiring mechanical ventilation cannot be randomized to sedation vs placebo to investigate neurotoxicity). This work is directly in line with the National Institute of Child Health and Human Development's directives for research, "before designing controlled experiments comparing one intervention with another, we need quality epidemiologic and descriptive studies to guide trial design. For many, if not most common conditions in the PICU, these studies are lacking" (5) .
The unique setting of this study is both a strength and a limitation. First, our results are based on receipt of ICU care, which may not equate with presence of critical illness per se. Nonetheless, receipt of care in an ICU generally represents a need for care to treat or monitor conditions that carry a high risk of substantial morbidity. The Mayo Clinic healthcare system may not be representative of all ICUs treating children (or even pediatric tertiary academic ICUs) and our admission and practice patterns may differ. However, many similarities exist. According to the 2000 U.S. census data, the Olmsted County population is comparable to the overall U.S. population with respect to median age (35.0 vs 35.3 yr) and male gender (49.1% vs 49.1%). The ethnic characteristics of this population (87.6% white in Olmsted County, MN) are similar to other upper Midwest states (90.2% white in North and South Dakota, Iowa, and Wisconsin) (34) . Compared with the entire U.S. population, whites are more prevalent (87.6% vs 74.3% U.S.) (10) . Despite these limitations, advocates for population-based research suggest there may be important advantages to this type of geographically isolated population. These "microclimates" can be valuable for achieving a more comprehensive analysis of the full spectrum of biological, environmental, and societal influences on health within these populations (34) . Smaller well-defined populations can often be characterized in a level of detail that would be outside the scope of larger resource intense multicenter investigations. Geographically defined cohorts enhance recruitment and retention and permit accessing a patient's entire support system due to the local proximity of the community (34) . The population-based birth cohort described in this study permits the first opportunity to longitudinally evaluate the full spectrum of critical illness as it develops within a general nonhospital-based population of children.
CONCLUSIONS
We provide the first report characterizing critical illness within a population-based birth cohort of children. The results demonstrate the changing incidence, presentation, and healthcare requirements associated with critical illness as a general population of children ages. Additional studies of this cohort will permit longitudinal evaluation of the factors across each child's lifespan that impact the development, clinical course, and outcome of pediatric critical illness. This knowledge promises to inform healthcare delivery and identify opportunities for prevention, early recognition, intervention, and follow-up to reduce the risk for critical illness-related morbidity during childhood.
